From a traffic safety point of view, there is an urgent need for intelligent tires which can optimize braking control by estimating the slip ratio and friction coefficient between road surface and tire. In previous studies, we have proposed an application of strain data for estimating a friction coefficient. However, it only investigated the condition when the vertical or frictional loads changed but the other load remained constant. Since both of the frictional and vertical loads alter the measured strain data, an independent applied load estimation method is needed. This study develops a concurrent method for estimating the frictional and vertical loads applied to the tires from the measured strain data when both loads change. The method decomposes the measured circumferential strain to the frictional and vertical strain components using their symmetrical and anti-symmetrical characteristics. FEM analysis is used for simulating tire deformation under various wheel loads and braking torques and the relationship between the strain distribution at the sensing point and the applied loads are calculated. When the estimated and true applied loads were compared, it was confirmed that the vertical and frictional loads can be estimated independently from the circumferential strain with sufficient accuracy. Using this method, one can represent the slip slope curve during driving, which enables the optimization of vehicle control and implementation of a road condition warning system.
Introduction
There is an urgent need, from a traffic safety point of view, for intelligent tires equipped with sensors for monitoring applied strain (1, 2) using an advanced tire pressure monitoring systems (TPMSs), which is now mandatory in the United States (3, 4) . These intelligent tires are effectively improving reliability and control systems such as anti-lock braking systems (ABSs) (5) (6) (7) (8) . The key factors for intelligent tire sensors are: the development of a direct tire deformation or strain measurement system with sufficiently low stiffness and high elongation for practical applications; the development of a wireless communication system between the tires and vehicle that operates without a battery; the demonstration of a typical model of strain data for improved safety and comfort as well as providing additional features that can be used in other aspects of automotive safety and design (9) .
For the sensors, we have developed strain sensors for intelligent tires based on changes in capacitance (10) (11) (12) . The sensor uses a very soft material so that it does not interfere with tire deformation and avoids debonding (11, 12) . Another sensor proposed is a self-sensing method that uses the tire structure itself as the sensor (13) . This has the advantage that an attached sensor is not needed and debonding problems are eliminated. An optical method was developed for the concurrent monitoring of in-plane strain and out-of-plane displacement (rolling radius) (14, 15) . The optical method enables noncontact measurement of strain distribution. The in-plane strain and out-of-plane displacement are calculated using image processing with an image of the interior surface of a tire that is taken with a single CCD camera fixed on the wheel rim. We have also developed a battery-less wireless communication system (10, 16, 17) . However, a practical model of strain used for improved tire safety has not yet been presented and is urgently needed. Our previous study (18) investigated the application of strain data for an optimized braking control and road condition warning system. The relationships between strain sensor outputs and tire mechanical parameters, including braking torque, effective radius and contact patch length, are calculated using finite element analysis and an estimating method for the slip ratio and frictional coefficient between road and tire surface were proposed.
Here the friction coefficient µ is a key parameter indicating the braking/accelerating efficiency and defined by the normal force (wheel load), F N , divided by the longitudinal tire force (frictional force), F t : µ=F t /F N . The road condition warning would be actuated if the recorded friction coefficient at a certain slip ratio was lower than a 'safe' reference value. However, the previous study only investigated the situation in which either the vertical or the frictional load changed while the other was assumed constant. Since both the frictional and vertical loads alter the strain data, an independent estimation method which separates frictional and vertical loading effects on the strain is needed.
In this study, we propose a concurrent method for estimating frictional and vertical loads applied to a tire from measured strain data when both loads are changing. Finite Element Method (FEM) analysis is used for simulating tire deformation under various wheel loads and braking torques and the relationship between the strain distribution at the sensing point, the circumferential strain at the center of the inner tire surface, and the applied loads are calculated. Finally, the estimated applied loads are compared with the actual applied loads, and the validity of the proposed method is examined.
Strain distributions of inner tire surface
When a tire contacts the road surface, the tread at the contact point is bent, and a tensile strain distribution occurs on the inner tire surface in the circumferential direction ( Fig. 1) , whereas a compressive strain occurs outside the contact patch. In this bending, since there is friction between the road and tire surfaces, the presence of the frictional load slightly reduces the changes in the tensile strain. This strain component due to the friction is compressive strain as shown in Fig. 2 . When there is only vertical (or wheel) load without rotational toque, symmetrical tensile strain distributions between the front and rear of the contact patch are observed.
When the tire is in a counterclockwise rotation and a braking torque is applied (or a clockwise rotation and an accelerating condition), the tread deforms in a shear manner due to friction as shown in Fig. 3(a) . This shear deformation creates an anti-symmetrical strain distribution to the center of the contact point as shown in Fig. 3(b) . This is because the vertical load distribution has its maximum at the center of the contact point and zero at the contact edge; thus the displacement due to friction is greatest at the center and decreases to zero near the contact edge.
Therefore, the strain measured by a sensor, which is the strain in the circumferential direction, is the summation of the above three strain components (Fig. 3) , and these are the strains due to: i) Vertical loads, ε ver ii) Frictional loads when bending, ε flat iii)Frictional loads when driving/braking, ε fri In these three strains, the strains ε ver and ε flat are symmetrical, and it is difficult to separate them from each other. In actual tire/road conditions, ε flat is much smaller than ε ver ; thus the measured circumferential strain ε cir is assumed to be the summation of the vertical and frictional strain components as follows: 
In the measurements, the strain ε cir is decomposed into the strain components of ε ver and ε fri ; and the frictional load is estimated from the strain ε fri while the vertical load is from the strain ε ver .
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The measured circumferential strain is affected by the vertical and frictional loads. Thus to estimate the vertical load independent of the frictional load, the strain due to the friction has to be removed from the circumferential strain.
The deformation δ f in the circumferential direction on the tire surface due to friction is linearly related to the frictional stress f x with the coefficient α and expressed as
The circumferential strain due to the friction is
The frictional stress f x at the edge of the contact patch is always zero since the vertical load is zero at the points; thus the integration of the strain ε fri is [ ]
where the x coordinate is along the contact patch; zero at the edge, and the patch length is l. The contact patch position can be estimated by calculating the waveform of the time derivative of strain (19) .
Since the circumferential strain ε cir is a summation of ε ver and ε fri , the vertical load parameter E vertical , which depends only on the ε ver and is independent of frictional loads, can be obtained by integrating the strain ε cir ( )
In the actual measurement procedure, the circumferential strain ε cir is measured first; then the strain is differentiated along x, and the contact patch length l is calculated. The strain distribution ε cir on the contact patch is then integrated between x= [0, l] , and E vertical is calculated from Eq. (5).
Frictional load parameter
The frictional load F x is calculated by integrating the frictional stress f x along the x axis and expressed using ε fri from Eqs. (2) and (3).
( )
From the symmetrical and anti-symmetrical characteristics of strains ε ver and ε fri , the following relationships are obtained:
From these relationships, the strain due to friction ε fri can be expressed using the circumferential strain ε cir as follows:
Therefore, using Eqs. (6) and (8), the frictional force F x can be calculated from the sensor output ε cir .
When the vertical or frictional load is quite large, the deformed area becomes wider and expands outside the contact patch. In this case, the integration needs to be done along the δ f ≠0 area, which is larger than the contact patch or the sensing area. For practical monitoring, a method to estimate the frictional load from the strain distribution using only the contact patch area is required.
For this reason, we introduce and use the maximum deformation ( 
where γ is the correction factor which neglects the widespread deformation beyond the contact patch. For simplicity, the frictional load F x can be evaluated using the maximum frictional stress (f xmax ) times the contact length (l) with the ratio φ as follows by rewriting Eq. (6):
Therefore, the frictional load parameter E friction indicating the frictional load is expressed by
Here, ε fri (x) in Eq. (11) can be calculated from the ε cir using Eq. (8). From Eqs. (5) and (11), the coefficients α, γ and φ are not required in the actual estimating procedures. By using the integration of the inner tire surface, the adverse local high strain induced by a rough road surface is alleviated by the tread deformation and integration along the contact patch. 
Validation using finite element analysis
Finite element modeling
To examine the validity of the proposed estimates of the vertical and frictional loads from the circumferential strain, simulations of applied loads and strain distributions are performed using the FEM application program, ANSYS ver. 10. A representative automobile tire (Bridgestone Blizak, 225/65R18 103Q) is considered. The cross section is shown in Fig. 6 and the dimensions are in Table 1 .
The major numerical difficulties in the analysis are the complicated tread structure, the geometric non-linearities due to the large deformations, the incompressibility of elastomers and the specific boundary conditions of the contact between the tire and road. Since these increase the simulation running time, the finite element tire model is simplified so that the tire consists of a smooth surface tread, sidewall, bead, carcass, and belt area. The tread, sidewall, and bead are modeled as different hyperelastic rubbers using Mooney-Rivlin material, whereas the carcass and belt are modeled as laminated anisotropic composites of rubber and fiber reinforcement. Figure 7 shows the meshed three-dimensional FEM model, where the ANSYS elements of SOLID186, TARGET170, CONTACT174 and MPC184 are employed. Since the tire is strongly deformed in the contact area between the tire and road, more elements must be used in this region. To obtain a finer grid in the contact areas, the tire is split into sections with different sizes and angles.
The SOLID186 is a 3-D 20-node solid element that exhibits quadratic displacement behavior. CONTACT174 is a 3-D 8-node surface-to-surface contact element, which is used to represent contact and sliding between 3-D "target" surfaces (TARGET170) and a deformable surface, defined by this element. The contact elements themselves overlay the solid elements describing the boundary of a deformable body and can be in contact with the target surface, defined by TARGET170. The MPC184 element restricts the kinematic constraints at the rim nodes and represents the wheel loads and braking torque. The total number of elements is 7888 and there are 44313 nodes.
The finite element model developed by Holscher et al., (20) is used as a reference for set-up purposes, and it was confirmed that the tire deformation during simple compression of our FEM model agreed with that of the Holscher model. The simulation procedure includes the following features: Specific behavior of the rubber: Rubber shows a nonlinear stress-strain relationship and is incompressible. This behavior is well described by the Mooney-Rivlin function, with the strain-energy density function W defined by (21) : 
where C 01 and C 10 are material constants characterizing the deviatoric deformation of the material, and are determined experimentally. D 1 is the parameter associated with material incompressibility, and J 1 , J 2 , and J 3 are invariants of the Green-Lagrangian strain tensor. The three material constants are related to the shear modulus τ and the bulk modulus κ as follows:
From this, one can derive the next relationship for determining Poisson's ratio: 
Since ν approaches 0.5 as D 1 increases for a given C 10 and C 01 , the incompressibility of rubber-like hyperelastic materials can be asymptotically enforced. The Mooney constants used are listed Table 2 (20, 22) . 
Carcass and belt:
The carcass and belt are the anisotropic composites of rubber and fiber reinforcement. The carcass consists of rubber and organic fibers such as polyester while the belt area (including carcass) is rubber, steel wires, and carcass organic fibers. These structures are modeled using laminated solid elements (SOLID186) with the thickness ratio and the orientation angle as shown in Table 3 , and material properties as in Table 4 . Coulomb friction between tire and road: The tire road contact interface complicates the finite element model since contact and friction problems are highly nonlinear. The contact problem in the FEM model is described by the application of a deformable body (tire) to a rigid body (road). The friction is modeled by an algorithm in ANSYS based on Coulomb friction. Fig. 7 Meshed tire model used in finite element method.
Loading and constraint condition
External forces are included in the analysis by the introduction of a special node, from now on referred to as the central node (23, 24) . This node does not belong to any finite element of the tire and its coordinates are the center of the wheel rotation. The degrees of freedom of each bead node are constrained to be dependent on the degrees of freedom of the central node with a multipoint constraint element MPC184 in ANSYS. First, a numerical analysis is carried by applying internal pressure and static vertical wheel loads using the central node.
The inflation pressure produces a force perpendicular to the tire's inner surface. This effect is described by the pressure option in ANSYS: a constant surface force is added to every element at the inner surface of the tire and the direction of this force is kept perpendicular to the surface during each solution increment. An inflation pressure of 150 kPa is adopted in the finite element analysis. The passenger and car weight is assumed to be about 10 3 kg, and considering the extra loading, vertical loads of 2500 -4000 N are applied to each tire. After the nonlinear calculation of air pressure and vertical wheel loads, the driving or braking torque is applied statically to the central node.
After the calculation, to simulate the strain sensor output the strain in the circumferential direction at the center of the inner surface of the tire is obtained and the relationship between the strain and tire deformation is considered.
Results and discussion 4.3.1 Tire deformation and circumferential strain distribution
Figures 8 shows the circumferential strain distribution when the vertical load changes from 2500 N to 4000 N without rotational torque so that the friction does not occur. The abscissa in Fig. 8(b) is the circumferential position as the zero is located directly below the center of the tire. As can be seen from the figures, the tensile strain occurs at the contact point, x = 0, while compressive strain occurs on the periphery of the contact point, around x = ±50. The tensile strain is due to bending in the circular tire at the contact point. Compressive strains on the periphery are due to the compressive effect from the edge of the contact patch. The presence of the tensile and compressive strain areas around the contact point agrees with the experimental results (13) . When the vertical load is high, the tensile area spreads with an almost constant maximum strain. Figure 9 (a) shows the circumferential strain when the vertical load is 2500 N with a frictional load of 1400 N. This simulates the acceleration of the car when driving to the right or braking when driving to the left. Figure 9(b) shows the strain distribution when the friction changes with a constant vertical load of 2500 N. The tensile strain increases to the right of the contact point, and decreases to the left. This is because of the shear deformation of rubber at the contact area due to the friction.
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(b) Fig. 8 Circumferential strain of the interior surface of the tire without rotational torque: (a) strain contour plots when the vertical load is 2500 N; (b) strain distribution when the vertical load changes from 2500 to 4000 N.
Contact patch length estimation
The contact patch length and coordinates corresponding to the obtained strain are required to calculate the vertical and frictional loads from Eqs. (5) and (11). The estimation method proposed by Morinaga et al., (19) was used in this study to calculate the waveform of the time derivative of the strain. The two peaks of the waveform are the points with the highest deformation speed and are at the edges of the contact patch. Figure 10 shows the waveform of the time derivative of strain. The distance between the two peaks corresponds to the contact patch length. Figure 11 shows the relationship between the contact patch length, frictional loads, and vertical loads. The abscissa represents the frictional loads, while each symbol corresponds to different vertical loads. In the case of a low friction range of less than about 1000 N, the contact patch length increases proportionally to the applied vertical load. However, in the high friction range, the patch length decreases as the friction increases, even with a constant vertical load, because the tire on the left part of the contact patch in Fig. 9(a) leaves the road earlier. This implies difficulty in estimating the vertical load from only the patch length.
Circumferential strain 8000 15000 23000 30000 38000 45000 53000 60000 68000 0 (b) Fig. 9 Circumferential strain of the interior surface of the tire with a vertical load of 2500 N and frictional loads from 0 to 1400 N: (a) strain contour plots when the vertical load is 2500 N and frictional load is 1500 N; (b) strain distribution when the frictional load changes from 0 to 1400 N. 
Estimation of the vertical load
The vertical load parameter E vertical is calculated when the vertical and frictional loads vary, using the proposed estimation procedure defined in Eq. (5). Since there is a little nonlinearity between the parameter E vertical and the vertical load, a cubic polynomial estimation is used to estimate the vertical load from E vertical . Figure 12 shows the applied vertical load F z_true and the estimated vertical load F z_estimate from the strain when subjected to changes in the applied torque. The relationship between vertical and frictional loads can be seen in Fig. 11 . As can be seen from Fig. 12 Figure 13 shows the frictional strain component ε fri distribution using Eq. (8) when the vertical load is 2500 N. As predicted, the anti-symmetrical distribution was found to be due to the shear deformation of rubber at the contact area. The resulting frictional load F x is estimated from the linear approximation of the parameter E friction in Eq. (11). Figure 14 shows the true frictional load F x_true and estimated frictional load F x_estimate when the vertical load changes from 2500 to 4000 N. Regardless of the vertical load changing, the estimated frictional loads agree with the actual observed loads. However, in the high vertical and friction load ranges, the error is noticeably large. This may be because the error due to the anti-symmetrical distribution when high frictional loads occur as seen in Fig. 13 . It can be seen in Figs. 12 and 14 , that the vertical and frictional loads can be estimated independently from the circumferential strain.
Estimation of frictional load
Using the friction coefficient that can be calculated using the acquired vertical and frictional loads, and the slip ratio that can be measured from the rotation radius, it is possible to represent the slip ratio and friction curve (slip slope curve) during driving. Measurements of the slip slope curve enable optimization of vehicle control by maintaining a constant slip ratio at the maximum friction coefficient. The implementation of a road condition warning system is also possible. Such a system would warn a driver if the recorded friction coefficient at a certain slip ratio is lower than a reference value previously measured under dry road conditions. 
Conclusions
We proposed a concurrent method for estimating the frictional and vertical loads applied to tires from the measured strain data when both loads are changing. The method decomposes the measured circumferential strain into the frictional and vertical strain components using their symmetrical and anti-symmetrical characteristics. FEM analysis was used for simulating tire deformation under various wheel loads and braking torques and the relationship between the strain distributions along the sensing point, the circumferential strain at the center of the inner tire surface, and the applied and occurred loads are calculated. It was confirmed analytically that the vertical and frictional loads can be estimated independently from the circumferential strain with sufficient accuracy. Using this method, the slip slope curve during driving can be represented, which enables optimization of vehicle control and implementation of a road condition warning system. 
